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Wormholes are a solution for General Relativity field equations which characterize a passage or a
tunnel that connects two different regions of space-time and is filled by some sort of exotic matter,
that does not satisfy the energy conditions. On the other hand, it is known that in extended theories
of gravity, the extra degrees of freedom once provided may allow the energy conditions to be obeyed
and, consequently, the matter content of the wormhole to be non-exotic. In this work, we obtain,
as a novelty in the literature, solutions for charged wormholes in the f(R, T ) extended theory of
gravity. We show that the presence of charge in these objects may be a possibility to respect some
stability conditions for their metric. Also, remarkably, the energy conditions are respected in the
present approach.
PACS numbers: 04.50.kd.
I. INTRODUCTION
Wormholes (WHs) are passages through space-time
which connect two different regions of the Universe. It is
believed that such objects might be formed in regions of
intense gravitational fields, in which the highly warped
space-time manifold might allow for the existence of such
an unexpected topology.
In 1935, the idea of WH was introduced by Einstein
and Rosen [1]. They investigated WH solutions which
contained event horizons. Such objects are today referred
to as Einstein-Rosen bridges.
The subject was revived in 1988 in the paper by Mor-
ris and Thorne (MT) [2]. MT firstly realized that WHs
can be traversable, which means that an eventual travel
through the WH could be safe enough, and the minimum
requirement for this is that, departing from black holes,
traversable WHs must not have event horizons.
The geometrical content of WHs obeying these features
is described by the MT metric, which in Schwarzschild
coordinates and natural units (which shall be adopted
throughout the text), reads [2]
ds2 = e2ϕ(r)dt2 − dr
2
1− b(r)r
− r2(dθ2 + sin2 θdφ2). (1)
In (1), ϕ(r) is the redshift function and b(r) is the shape
function. There are some properties that must be satis-
fied by these quantities in order to have traversable WHs,
which we are going to visit later. For now, we quote that
the absence of horizons is achieved if ϕ(r) is finite every-
where [3].
Within General Theory of Relativity (GR) formalism,
it is well known that in the vicinity of the WH, the null
energy condition (NEC),
Tµνk
µkν ≥ 0, (2)
is violated [2, 3]. In (2), Tµν is the energy-momentum
tensor and kµ is a null vector. Such a NEC violation im-
plies that the weak, strong and dominant energy condi-
tions, which are going to be presented later, are violated
in the same region above. In this way, WHs are expected
to be filled by some kind of exotic matter.
Such an important issue can be evaded when dealing
with WHs in extended theories of gravity. One can ar-
gue that GR is a particular case of a more fundamental
theory of gravity, which contains geometrical and/or ma-
terial corrections respectively to the Einstein and energy-
momentum tensors. Although in the solar system regime
those correction terms could be neglected, in galactic and
cosmological length scales and in the strong gravitational
field regime, where there are some indications that GR
breaks down, they could rise as plausible solutions to
match theory and observation. Some enlightening works
on extended theories of gravity, their importance and ap-
plicability can be appreciated in [4–10].
The importance of the applicability of extended theo-
ries of gravity in the WHs analysis is that the correction
terms may allow the material content inside these objects
to respect the energy conditions. Such a feature was ob-
tained for different theories of gravitation, such as f(R)
and Gauss-Bonnet theories [11, 12].
In the present paper, we will be particularly concerned
with charged WHs (CWHs). The inception of charge in
WHs was considered as a possibility to respect some sta-
bility conditions for the metric of these objects in [13], al-
though the referred authors were not concerned with the
respectability of the energy conditions. CWHs were stud-
ied in teleparallel gravity with non-commutative back-
ground in [14]. They concluded that only exotic matter
is capable of forming WHs in this formalism. Further-
more, CWHs were shown to be unstable in ghost scalar
field models and scalar-tensor theories of gravity [15, 16].
Our aim in the present article is to obtain CWH solu-
tions that respect the energy conditions in a particular
extended theory of gravity, named f(R, T ) gravity [17].
The f(R, T ) gravity considers general terms in R and
T in its gravitational action, for which R stands for the
Ricci scalar while T is the trace of the energy-momentum
tensor. The consideration of the terms proportional to
T is motivated by the possible existence of imperfect flu-
ids in the Universe. Since the matter content of WHs is
described by an imperfect anisotropic fluid, the consider-
ation of these objects in such a theory is well motivated.
In fact, the analysis of non-charged WHs in f(R, T ) grav-
ity has already been accomplished [18–22]. Nevertheless,
the f(R, T ) theory of gravity has been applied to other
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2cosmological and astrophysical purposes [23–28].
II. CHARGED WORMHOLE METRIC
The CWH metric reads [13]
ds2 =
[
e2ϕ(r) +
q2
r2
]
dt2− dr
2
1− b(r)r + q
2
r2
−r2(dθ2+sin2 θdφ2).
(3)
In Eq.(3), q is the electric charge and b(r) must obey the
following conditions [3]: i) b(r0) = r0; ii) b
′(r0) ≤ 1; iii)
b′(r) < b(r)/r, with r0 being the CWH throat radius and
primes indicating radial derivatives. Moreover, in [13],
ϕ(r) was taken as null.
III. THE f(R, T ) GRAVITY FORMALISM
The f(R, T ) gravity starts from the action [17]
S =
1
16pi
∫
d4x
√−gf(R, T ) +
∫
d4x
√−gL. (4)
In (4), g is the determinant of the metric, f(R, T ) is the
function of R and T and L is the lagrangian density.
If L depends only on the metric components and not on
its derivatives, one has, for the energy-momentum tensor,
the following:
Tµν = gµνL− 2 ∂L
∂gµν
, (5)
so that T = gµνTµν .
By varying action (4) with respect to gµν for the case
f(R, T ) = R + 2λT , with constant λ, one obtains the
following field equations
Gµν = 8piT
eff
µν , (6)
with Gµν being the Einstein tensor and the effective
energy-momentum tensor
T effµν = Tµν −
λ
4pi
(
Tµν + Θµν − 1
2
Tgµν
)
, (7)
with
Θµν ≡ gαβ ∂Tαβ
∂gµν
. (8)
Such a functional form for f(R, T ) is the simplest case
with material corrections. It was proposed by the authors
of the theory in [17] and it has been deeply applied since
them as one can check, for instance, in [19, 20, 22, 23, 28].
In the present case, we can write
Gµν = 8pi[T
eff(m)
µν + T
eff(e)
µν ], (9)
with T
eff(m)
µν being the effective energy-momentum of
matter threading the WH and T
eff(e)
µν the effective elec-
tromagnetic energy-momentum tensor.
T. Harko et al. in [17] have constructed Θ
(m)
µν and Θ
(e)
µν
respectively from
L(m) = −P (10)
and
L(e) = − 1
16pi
FαβFγσg
αγgβσ, (11)
with P being the fluid total pressure and Fαβ the elec-
tromagnetic field tensor, and found
Θ(m)µν = −2T (m)µν − pgµν (12)
and
Θ(e)µν = −T (e)µν . (13)
It is worth to quickly discuss the choice in Eq.(10).
Gravity theories that allow the geometrical and mate-
rial sectors to be coupled (besides f(R, T ) models, check
also f(R,Lm) theories [29], with Lm being the matter la-
grangian) predict the movement of test particles in grav-
itational fields to be non-geodesic. Rather, according to
these theories, the particles move in the presence of an
extra force. It has been shown that when considering the
lagrangian to be proportional to P, as in Eq.(10), such
an extra force vanishes [30, 31].
In this manner, from (12)-(13), we can rewrite our field
equations as
Gµν = 8pi
[
T (m)µν + T
(e)
µν +
λ
4pi
Πµν
]
, (14)
in which we have defined the tensor
Πµν ≡ T (m)µν + Pgµν +
1
2
[T (m) + T (e)]gµν , (15)
with T (m) = gµνT
(m)
µν and T (e) = gµνT
(e)
µν .
IV. CHARGED WORMHOLES IN f(R, T )
GRAVITY
We assume that an anisotropic fluid of energy-
momentum tensor
T (m)µν = diag(ρ,−pr,−pt,−pt) (16)
is filling in the WH, with ρ being the matter-energy den-
sity and pr and pt the radial and transverse components
of the pressure, such that P = (pr + 2pt)/3.
3We also take only the radial component of the elec-
tric field in Fαβ , so that for the metric (3), the energy-
momentum tensor for the electromagnetic field is
T (e)µν =
1
8pi
E2 diag(3, 3, 1, 1) γ κ, (17)
in which E = E(r) = (q/r2)
√|g00g11| is the radial com-
ponent of the electric field and we defined
γ ≡ 1
q2 + e2ϕr2
,
κ ≡ q2 + r2 − br . (18)
Therefore, by following the approach of the previous
sections, one can write the field equations (14) as:
b′ =
(
2 +
λ
pi
)
q2
r2
+ (8pi+ 3λ)r2ρ− λ (pr + 8pt) r
2
3
. (19)
γ
r2
[
q2
r2
(κ+ r2)− e2ϕ(q2 − rb+ 2rκϕ′)
]
=
−8pipr + 3E2γκ+ λ
(
ρ− 7pr − 2pt
3
+
E2γκ
pi
)
,
(20)
e2ϕ
q2
{(rϕ′ + 1)[r (−rb′ + b+ 2κϕ′2)+ 2κr2ϕ′′]}
+
1
r4
[kq2 + r2e2ϕ(2q2rϕ′2 + 2r2)]− b′(rϕ′ + 1)
+2[(q2 + r2)(ϕ′′ + 2ϕ′2) + 3rϕ′]
−b
[
2rϕ′′ + ϕ′(4rϕ′ + 5) +
3
r
]
=
2e−2ϕ
γ2q2
[
pt − E2γκ− λ
(
ρ− pr + 8pt
3
+
E2γκ
pi
)]
.
(21)
Our next goal is to find analytical solutions for the
coupled system of equations (19)-(21).
V. ANALYTICAL SOLUTIONS
In this section, we will show a class of analytical so-
lutions for the present CWH. We will obtain the solu-
tions by analyzing one equation at a time, i.e., from
Eq.(19), we will fix the parameters α and β and solve
for b(r). Then we find ϕ(r) that solves Eq.(20). Finally,
we present the density ρ(r) by solving Eq.(21).
Let us write the equation of state (EoS) for the matter
filling in the concerned CWH to be
pr = αρ , pt = β ρ, (22)
for α and β constants. This form for the EoS has been
constantly used in the literature, as one can check, for
instance, Refs.[19, 32–35]. In particular, we will choose
both constants as functions of the parameter λ as
α =
3
2
(
λ+ 2pi
λ+ 3pi
)
, (23)
β =
3
4
[
5 + pi
(
16
λ
+
1
λ+ 3pi
)]
, (24)
such that, by replacing them in Eq.(19) we find
b(r) = −Ω0
r
(25)
as our solution for the shape function, where Ω0 ≡
(2 + λ/pi). In order to make b(r) to satisfy the metric
conditions presented in Section II, it is necessary to im-
pose that λ < −2pi.
Now, by substituting Eq.(25) into (20), we can obtain
the corresponding solution for the redshift function
ϕ(r) = ln
{
c√
r(Q0 + r2)λ0
+
Q1
(Q0 + r2)λ0
[
2Qλ0−10 (Q0 + r
2)λ0+
Q2 F
(
1
2
,
2− λ
4
,
5
4
;− r
2
Q0
)]}
, (26)
where c is an arbitrary constant of integration and F (1/2,
(2 − λ)/4, 5/4;−r2/Q0) is the so-called hypergeometric
function. Furthermore, we use the following definitions
Q0 ≡ q2 + Ω0, (27)
Q1 ≡ 1
(λ+ 3)Q0
, (28)
Q2 ≡ (λ− 1)Ω0 − q2 [8 + λ(λ+ 5)] , (29)
λ0 ≡ (λ+ 2)/4. (30)
VI. ENERGY CONDITIONS
To complete our objective of solving the field equations
for a CWH in the f(R, T ) model under analysis, we have
to find the density ρ that fullfills Eq.(21).
Indeed we find a solution for the density in terms of
the parameters of the model. To illustrate the density
behavior we present Fig.1 below, in which we show the
dependence of the density on r and some model param-
eters, as the CWH charge. In particular, we obtain that
by increasing the charge, it is necessary to have a higher
mass-energy density in order to maintain the WH geom-
etry.
We have now to determine the region of parameters
where our solutions satisfy the energy conditions [2, 3].
The weak energy condition can be written as
ρ+ pt ≥ 0 , (31)
ρ+ pr ≥ 0 , (32)
while the strong energy condition reads
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FIG. 1: Mass-energy density as a function of the radial vari-
able for the CWH charge given by q = 0.5 (thin line), q = 2.5
(dashed line) and q = 4.5 (dotted line). We consider, for all
curves, λ = −7 and c = 153.
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FIG. 2: Region of the parameter λ that satisfies the weak en-
ergy condition as a function of the radial variable. In the left
panel it is represented the constrain given by Eq.(31) and in
the right panel, the one given by Eq.(32). The CWH electric
charge is q = 0.5 and c = 153.
ρ+ pt + pr ≥ 0 . (33)
The inequalities expressed by Eqs.(31)-(33) define re-
gions of validity for the parameter λ, which was already
constrained to λ < −2pi by the metric conditions dis-
cussed, earlier, in Section II. In Figure 2 we show the
region of parameters that satisfies the weak conditions
and in Figure 3, the region of parameters that satisfies
the strong energy constrain. We recall that we are work-
ing with natural units and therefore we express the radial
coordinate as dimension of length [L] and λ as a combi-
nation of the dimension of time [T], mass [M] and length
[L].
In Fig.3, we show the strong energy condition applica-
tion. We highlight the regions of the parameter λ that
satisfy the strong energy condition in terms of the radial
coordinate for a fixed charge.
The Figures 2 and 3 show that we succeeded to find
a family of solutions for the CWH-f(R, T ) gravity field
equations that fulfill the weak and strong energy condi-
tions criteria. Such an achievement is not possible to be
attained using GR.
VII. CONCLUSIONS
WHs have been proposed in the literature by MT as
a tool for teaching GR [2]. Over the years, the interest
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FIG. 3: Region of the parameter λ that satisfies the strong
energy condition constrain as a function of the radial variable.
The CWH electric charge is q = 0.5 and c = 153 .
in these objects has grown and today there are several
proposals to detect them, with the most popular of them
being based on the gravitational (micro)lensing [36–38].
Another well motivated possibility of detection may come
from the distinction between WHs and black holes [39,
40].
In this article, we have constructed, for the first time
in the literature, CWHs in the f(R, T ) theory of grav-
ity. The modelling of WHs in extended theories of grav-
ity is motivated by the possibility of these objects to be
filled by non-exotic matter, that is, matter that respects
the energy conditions. The T -dependence suggested in
f(R, T ) gravity comes from the possible existence of im-
perfect fluids in the universe. In this way, the WH anal-
ysis in such a theory is well motivated, since the matter
content of these objects is described by an anisotropic
imperfect fluid.
We have worked with a functional form for f(R, T )
that presents correction terms only in the material - and
not in the geometrical - sector of the theory. By following
the approach presented in [17], we have considered both
(10) and (11) as lagrangians for our system and those led
us to the field equations (14).
Let us recall our solution (25) for the shape function.
The r-proportionality in (25), that is, r−1, is the same
used by Kim and Lee in Ref.[13], in which the metric of a
CWH was firstly introduced. The same form for b(r) was
used in f(R, T ) and f(R) theories, as it can be checked,
respectively, in [21, 41] and for WHs with a cosmological
constant [42]. We remark that while such a form for b(r)
was assumed a priori in these references, in the present
article it has been obtained as a model solution.
Furthermore, it can be seen that the solution for the
redshift function (26) is finite everywhere, as request in
order to have traversable WHs [2, 3].
To finish, we have shown that, remarkably, the CWH
under analysis respects the weak and strong energy con-
ditions for a wide range of values for the parameter λ
(check Figs.2-3).
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